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Effect of vortices on liquid outflow from vessels 
R Harvey, BEng and J Kubie, BSc, PhD, CEng, FIMechE 
School of Mechanical and Manufacturing Engineering, Middlesex University, London 
This paper considers the effect ofvortices- on liquid outflow from open vessels. One of the simplest possible arrangements is investigated: 
an axisymmetric vertical cylindrical vessel with an outlet in its base. A simple spiral vortex is either introduced by supplying the liquid 
tangentially to  the vessel and the outlet or suppressed by the installation of a vortex breaker. 
A newflow regime for well-developed oortexpow is ident$ed. In thisflow regime the variation of the liquid level in the vessel with the 
powrate is relatively independent of the method of supply of the liquid to the vessel, and can be correlated by a simple equation. 
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NOTATION 
C, coefficient of discharge 
g gravitational acceleration 
h liquid level 
k constant in equation (4) 
Q liquid flowrate 
R radius of the outlet 
R ,  internal vessel radius 
8 angle of water inlet 
1 INTRODUCTION 
The understanding of the hydrodynamics of liquid 
outflow from open vessels is required in order to size 
the vessels for many engineering applications in various 
process engineering plants. For example, the total liquid 
inventory in large tanks depends on the relationship 
between the liquid level in the tank h and the liquid 
flowrate Q. Furthermore, since the liquid level in the 
tank is used as one of the parameters controlling the 
process, the liquid level must be predictable and consis- 
tent. 
The hydrodynamics of outflow has been investigated 
previously (1) and the parameters that can influence the 
hydrodynamic characteristics of vessels have been deter- 
mined. Some of the more important parameters are: 
(a) the size, the shape and the orientation of the vessel 
(b) the size, the shape and the orientation of the vessel, 
(c) the method of supply of the liquid to the vessel, 
(d) the presence of vortices, 
outlet, 
tiate them can be weak, but the vortices can be easily 
eliminated with vortex breakers installed over the vessel 
outlet. 
Practically all previous investigations have been con- 
cerned with vortex-free flow. This is either achieved by 
ensuring that the liquid is not supplied to the vessel 
tangentially to the outlet or by installing a vortex 
breaker. It can then be shown (2) that there are two 
distinct regimes of liquid outflow. For low liquid flow- 
rates the liquid flows freely through the outlet, which 
thus provides negligible resistance to the flow. The 
liquid level is only required to supply the liquid towards 
the outlet and depends primarily on the design of the 
vessel. This is called the vessel-controlled regime. For 
high liquid flowrates the outlet provides the controlling 
resistance to the flow and the liquid level is required to 
overcome this resistance, and thus depends primarily on 
the design of the outlet. This is called the outlet- 
controlled regime. Both regimes can be well described 
analytically and the theoretical predictions for the 
liquid level are generally in excellent agreement with 
available experimental data. 
It is the purpose of the work reported in this paper to 
investigate the influence of vortices on the variation of 
the liquid level with the flowrate. The work presented 
here deals with the simplest possible arrangement: an 
axisymmetric arrangement of a vertical cylindrical 
vessel with a central outlet in its base. The vortex flow is 
generated by supplying the liquid tangentially to the 
vessel and the outlet. The experimental work is 
described in the next section. This is followed by the 
analysis of the experimental data and discussion. 
(e) the various flow resistances within the vessel and its 
downcomer, 2 EXPERIMENTAL WORK 
(r) the temperature of the liquid and the liquid proper- ties. 2.1 Description 
A diagram of the experimental apparatus is shown in 
Fig. ,. The working vessel was a vertical cylinder with 
an outlet in the centre of its base. The water was sup- 
The effect of vortices can be considerable. Firstly, the 
rotating liquid can open a core from the surface level 
which may propagate towards the Outlet and, 
depending On the nature Of the vortex flow, the liquid plied to the vessel with four vertical downcomer pipes arranged at 900 intervals. The water was level in the vessel may become unsteady and may fluc- 
tuate with large amplitudes. The formation of vortices is 
generally difficult to predict because the forces that ini- 
through the working vessel to a receiver vessel, a pump, 
a system of valves and pipes and an orifice plate, used 
to the flowrate. The level in the working vessel - 
The M S  was received on 5 September 1994 and was accepted /or  publication on was measured with a sight glass* with its tapping near 
17 January 1995. the perimeter wall of the working vessel. Hence the 
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Fig. 1 A diagram of the experimental apparatus 
liquid level measured was the maximum level in the 
vessel, on the vessel wall. Two different working vessels 
were used. 
The smaller vessel was made of perspex, internal 
radius 120 mm and height 370 mm. Three different 
cylindrical outlets were used with radii of 5, 10 and 15 
mm. The downcomer pipes were of 10 mm internal 
diameter and each pipe had six holes, 3 mm in diameter, 
for supplying the water to the vessel. These holes were 
drilled at the same angular position and at 25 mm inter- 
vals, with the centre of the bottom hole being 25 mm 
above the base of the cylinder. The downcomer pipes 
could be rotated to adjust the direction of the angle of 
the water inlet, which were set at 90" (tangential to the 
vessel), 60", 30" and 0" (radial towards the centre outlet). 
A vortex breaker, shown in Fig. 2, was sometimes used. 
The height of the vortex breaker was 370 mm and the 
width of the four baffles nominally equal to the internal 
radius of the vessel. When used, the vortex breaker was 
placed on the bottom of the working vessel and the 
baffles were halfway between the downcomer pipes. 
I 
Fig. 2 A diagram of the vortex breaker 
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The larger vessel was made of stainless steel, internal 
radius 297 mm and height lo00 mm. Three different 
cylindrical outlets were used with radii of 20, 27.5 and 
35 mm. The downcomer pipes were of 28 mm internal 
diameter and each pipe had a single 90" elbow fitting at 
its end for supplying the water to the vessel. These 
elbows had the same internal diameter as the down- 
comer pipes, with their centres 40 mm above the base of 
the cylinder. The downcomer pipes could be rotated to 
adjust the direction of the angle of the water inlet, 
which were set at 90" (tangential to the vessel), 45" and 
0" (radial towards the centre outlet). A vortex breaker, 
shown in Fig. 2, was sometimes used. The height of the 
vortex breaker was 260 mm and the width of the four 
baffles once again nominally equal to the internal radius 
of the vessel. When used, the vortex breaker was placed 
as above. 
The variation of the level with the flowrate was inves- 
tigated for each vessel and all combinations of the 
outlets and angular positions of the downcomer pipes, 
with and without the vortex breaker. The flowrate was 
increased from zero to a given value and the water level 
slowly increased. The level was measured when the 
steady state conditions were reached. This was contin- 
ued until either the water level increased towards the 
top of the vessel or the maximum water flowrate was 
reached. The series of experiments was then repeated by 
gradually decreasing the flowrate and again noting the 
water level for a given flowrate. No hysteresis was 
observed and the experiments were generally repeatable. 
It should be pointed out that the water level was some- 
times unsteady and fluctuated considerably, and that its 
measurement was then subject to considerable errors. 
The maximum error in determining the water level was 
generally estimated as less than 5 per cent. This aspect 
is discussed further in Section 2.2 below. The error in 
measuring the flowrate was estimated as less than about 
3 per cent. 
2.2 Observation 
Clear vortex was formed when the downcomer pipes 
were set at angular positions between 30" and 90', 
without the vortex breaker being installed. A central 
core then opened, which propagated from the surface of 
the liquid to and through the outlet. A diagram of the 
typical surface profile is shown in Fig. 3. The measured 
water level was relatively steady and the maximum 
error in its measurement was considerably less than 5 
per cent. The vortex was prevented from forming and 
the central core disappeared when the vortex breaker 
was installed. The liquid surface then was practically 
horizontal, but much less steady, and the maximum 
error in its measurement was about 5 per cent. 
The situation was more complex when the down- 
comer pipes were set at o", without the vortex breaker 
being installed. Intermittent vortex was sometimes 
formed, probably due to small misalignments in the 
position of the downcomer pipes. The transient vortex 
did not allow for the development of the full-length 
central core. In this series of experiments the measured 
water level was unsteady and subjected to considerable 
error, which depended on the presence or absence of the 
vortex. When any transient vortex was prevented from 
forming by the installation of the vortex breaker the 
Q IMechE 1995 
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Surface 
profile 
Fig. 3 A diagram of the typical surface profile with a fully 
developed spiral vortex 
measured water level became once again steady and the 
maximum error in its measurement was about 5 per 
cent. 
The influence of the angular position of the vortex 
breaker was investigated by rotating it with respect to 
the orientation of the downcomer pipes. No measurable 
effects were observed. Furthermore, the vortex breaker 
was sometimes fully submerged in the liquid and, once 
again, no measurable effects were observed. 
2.3 Experimental results 
As discussed in Section 3.1, experimental results are 
plotted in dimensionless form as h/R against Q/(gR5)o.5.  
Experimental results for the water inlet angle of 90" 
without and with the vortex breaker are shown in Figs 
4 and 5 respectively. Experimental results for the water 
inlet angles of 30", 45" and 60" without and with the 
vortex breaker are shown in Figs 6 and 7 respectively. 
Finally, experimental results for the water inlet angle of 
0" without and with the vortex breaker are shown in 
Figs 8 and 9 respectively. 
3 ANALYSIS OF RESULTS 
3.1 Dimensional analysis 
The purpose of the dimensional analysis is to determine 
the basic governing parameters of the phenomena 
involved in the processes investigated in this paper. An 
attempt is not made to develop a general approach. 
Since in this investigation only air and water are dealt 
with, neither the gas density nor the gas viscosity are 
considered. Furthermore, it is assumed that the vessels 
and the outlets are large in the sense that viscous and 
surface tension forces are negligible in comparison with 
inertia forces. Hence the influence of the liquid density, 
the liquid viscosity and the surface tension will be 
neglected and will not be considered. 
The remaining variables that are considered are the 
measured liquid level h, water flowrate Q,  the internal 
vessel radius R , ,  the radius of the outlet R, gravita- 
tional acceleration g, the method of supply of the liquid 
to the vessel, which is characterized by the angle of 
water inlet I ,  and the presence or absence of the vortex 
breaker, characterized by B. Hence for the present 
experimental arrangement the following equation can 
be derived: 
Since, furthermore, the present experimental work indi- 
cates that the ratio R,/R has no measurable influence 
on the variation of h/R with Q/(gR5)0.5,  equation (1) can 
Fig. 4 Experimental data of h/R versus Q/(gR5)0.5 for the water jet angle of 
90" without the vortex breaker being installed 
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Fig. 5 Experimental data of h/R versus Q/(gRS)0.5 for the water jet angle -of 
90" with the vortex breaker being installed 
be simplified to 
h 
R 
3.2 Influence of the angle of water inlet 
Hence, in the absence of any vortex breaker and for 
the water inlet angles of more than about 30°, h/R is a 
function of only Q/(gR')'.'. Correlation of the available 
experimental results, shown in Fig. 10, indicates that the 
form of this function is 
(2) 
h Q - = 2.25 ~ Section 2.2 and Figs 4, 6 and 8 indicate that in the 
absence of the vortex breaker, and provided that the 
angle of water inlet is at  least 30°, a well-behaved and 
well-defined vortex flow is formed. The variation of the 
level with the flowrate given in Fig. 4 is practically iden- 
tical to the variation of the level with the flowrate given 
in Fig. 6. It appears that in this flow regime the dis- 
charge characteristics are more-or-less independent of 
the angle of water inlet. 
R (gR')'.' 
provided that 
1 <------ < 1 5  
(gR')'.' 
Equation (3) is also included in Fig. 10. 
. I I , * * -  
~ + , . I .  . 4 I I . * I  
R = 35 mm, e = 450 
_ . _  - .  * R =  10-.e=600 
+ R = 2 0 m m , B = 4 S o  
I i -  
_ _ _  ~- 
1 10 100 
Q/(gR5Io 
Fig. 6 Experimental data of h / R  versus Q/(gR5)' for the water jet angles of 
30", 45" and 60" without the vortex breaker being installed 
(3) 
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Fig. 7 Experimental data of h/R versus Q/(gR5)0.5 for the water jet angles of 
30°, 45" and 60" with the vortex breaker being installed 
3.3 Influence of tbe vortex breaker 
Figure 11 presents all experimental data with the vortex 
breaker present, together with equation (3), which gives 
the correlation for the vortex-controlled regime when 
the angle of water inlet is above about 30". Two observ- 
ations can be made. Firstly, the liquid level is less well 
defined and h/R is not only a function of Q/(gR5)'.' but 
also of the method of supply of the liquid to  the vessel. 
Secondly, for Q/(gR')'.' greater than about 15 the 
liquid levels with and without the vortex breaker appear 
to be identical, but as Q/(gRS)'.' decreases the liquid 
level in the vortex regime decreases much less rapidly 
than the liquid level with the vortex breaker present; 
the liquid level in the former can be greater by up to an 
order of magnitude. 
3.4 Vortex characteristics 
The diagram shown in Fig. 3 represents the familiar cir- 
culatory behaviour which often occurs when liquid is 
discharged through an orifice of a shallow tank. This 
type of flow is characteristic of a spiral vortex motion, 
which is a combination of a radial flow into a sink and 
irrotational vortex (3). The streamlines are then 
logarithmic spirals. 
I LO 
Q / ( ~ R ~ ) O . ~  
Fig. 8 Experimental data of h/R versus Q/(gR5)o.5 for the water jet angle of 
0" without the vortex breaker being installed 
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Fig. 9 Experimental data of h / R  versus Q/(gRS)'.' for the water jet angle of 
0" with the vortex breaker being installed 
4 DISCUSSION 
4.1 Effect of vortices 
As indicated in Figs 4 and 6 and analysed in Section 
3.2, provided that the angle of the water inlet is at least 
30", the vortices are well developed and remarkably 
steady. Furthermore, the water level is generally well 
defined and generally independent of both the angle of 
the water inlet and the inlet arrangements. It should be 
noted that the inlet arrangements for the smaller vessel 
were such that the number of the downcomer inlet holes 
fully submerged by water in the vessel, which depended 
on the water level in the vessel, varied between different 
experiments. This means that in some experiments the 
water from the top inlet holes was discharged on to the 
free surface in the experimental vessel. Nevertheless, 
Figs 4 and 6 indicate that this had no measurable effect 
on the water level in the vessel. The water level can be 
described remarkably well by equation (3). Finally, it is 
possible that the minimum water inlet angle of 30°, at 
which the vortices become fully developed, depends on 
the detailed design of the vessel, the downcomers and 
the outlet, and this will be subject to further investiga- 
tion. 
Fig. 10 All experimental data of h/R versus Q/(gR5)0.5 for the water jet 
angles of not less than 30" without the vortex breaker being installed 
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Fig. 11 All experimental data of h/R  versus Q/(gR5)' 
breaker being installed 
with the vortex 
4.2 Regimes of liquid outflow 
As described in Section 1, for vortex-free flow there are 
two distinct regimes of liquid outflow from the vessels 
investigated in this work. A vortex-free flow is estab- 
lished in the present experimental work by the install- 
ation of the vortex breaker. Hence, Figs 5, 7, 9 and 11 
show the variation of the liquid level with the flowrate 
for effectively vortex-free conditions. 
For low liquid flowrates, when the outflow is gov- 
erned by the vessel-controlled regime, it can be shown 
(2) that for the axisymmetric arrangement of the vessel 
and its outlet the liquid level is related to the flowrate 
by 
= k{ 
R (gR5)0.5 (4) 
where k z 0.44, provided the liquid is supplied uni- 
formly either at the outer wall or over the whole 
surface. However, the constant k can be somewhat 
lower if the liquid is not supplied uniformly over the 
outer surface, as is the present case. Equation (4) is 
included in Figs 5, 7, 9 and 11, which confirm that the 
vessel-controlled regime provides the lower limit to the 
liquid level in the vessel. 
For high liquid flowrates, when the outflow is gov- 
erned by the outlet-controlled regime, it can be shown 
(4) that for the present design of the outlet, and 
assuming that it is only the hydrostatic head of the 
liquid in the vessel that is responsible for the discharge 
from the vessel, the liquid level is related to the flowrate 
by 
where the coefficient of discharge for the present outlets 
C,, = 0.6. Equation (5) is also included in Figs 5, 7, 9 
and 11, which indicate that the experimental results are 
close to the theoretical results of equation (9, but that 
Q lMcchE 1995 
the theoretical results generally provide the upper limit 
to the liquid level in the vessel. The most likely reason 
for this observation is that the very substantial incom- 
ing liquid velocity head is not completely lost and thus 
provides a relatively significant contribution to the dis- 
charge from the vessel, resulting in the liquid level lower 
than that given by equation (9, which, as stated above, 
neglected the velocity head. Hence, for the flow regimes 
for which the presence of vortices is suppressed by the 
installation of the vortex breaker, the liquid level in the 
vessel depends significantly on the method of supply of 
the liquid to the vessel. 
When vortices are allowed to form, the present work 
indicates that the level is relatively independent of the 
method of supply of the liquid to the vessel and the 
variation of the level with the flowrate can be described 
by equation (3). 
4.3 Further work 
The present experimental work suggests that as the 
liquid flowrate increases the liquid levels with vortices 
present approach the liquid levels when the flow is effec- 
tively vortex free. Further work is required to determine 
the behaviour for very high flow with vortices present 
and to justify the form of equation (3). Further work is 
also required to determine the influence of the design of 
the vessel, the downcomers and the outlet on the 
minimum water inlet angle at which the vortices 
become fully developed. 
4.4 Concluding remarks 
An investigation of the effect of vortices on liquid 
outflow from open vessels has been undertaken. The 
investigation concentrated on one of the simplest pos- 
sible arrangements : an axisymmetric vertical cylindrical 
vessel with a central outlet in its base. The vortex flow 
was either generated by supplying the liquid tangen- 
Proc Instn Mceh Engrs Vol 209 
370 R HARVEY AND J KUBIE 
tially to the vessel and the outlet, or suppressed by the 
installation of a vortex breaker. When the presence of 
the vortices is suppressed the variation of the liquid 
level with the flowrate depends significantly on the 
method of supply of the liquid to the vessel, and can be 
generally described in terms of the two flow regimes 
identified previously. 
A new flow regime has been identified for well- 
developed vortex flow. In this flow regime the variation 
of the liquid level with the liquid flowrate is relatively 
independent of the method of supply of the liquid to the 
vessel. Furthermore, the variation of the level with the 
flowrate can be correlated by equation (3). 
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